Extensive beds of large subtidal kelps are characteristic of many temperate and subpolar coastlines. They provide habitats for a wide range of other species and are sites of high primary production that generate large quantities of water-borne particles and dissolved organic compounds that support distinctive communities of prokaryotes. We measured prokaryotic metabolism along transects from the shore to the outside of three giant kelp forests (Macrocystis pyrifera) located in the shelf waters of the Prince Edward Islands (Southern Ocean). Abundance, heterotrophic production (PHP), respiration rates (R-ETS) and growth efficiencies (PGE) were investigated within the particle-associated (PA) and the free-living (FL) communities. Temperature, salinity and inorganic nutrient concentrations indicated distinct hydrological differences among the kelp forests that were related to different levels of freshwater input through island run-off. In contrast, detritus and particulate organic matter concentrations showed a common pattern, decreasing from the near-shore to offshore at all sampling sites, suggesting the retention of organically enriched water masses inshore of the kelp forests. While FL and PA abundances did not differ significantly along transects, FL and PA-PHP and PGE all varied significantly across the kelp forests, following the same pattern across each forest. PA-PGE was significantly higher than FL-PGE in the near-shore waters and farther offshore, while FL-PGE was higher or equal to PA-PGE inside the kelp. This shift can be interpreted in terms of gradients in both the age and origins of organic material across the kelp forests. Higher PA-PGE implies that a larger fraction of organic carbon on colonized particles is converted into prokaryotic biomass and so becomes available to higher trophic levels inshore and offshore of M. pyrifera forests than inside the kelp bed. In contrast, low PA-PGE suggests that a large quantity of carbon passes through the PAcommunity and is mainly respired within the kelp forest. These results suggest the retention of particles within giant kelp forests. In controlling the metabolic activity of PA and FL prokaryotes, this retention will influence overall carbon flux around the archipelago. In particular, the observation of a common pattern across different M. pyrifera forests has important implications for the role of this species as an autogenic ecological engineer in coastal environments.
Introduction

55
Giant kelp (Macrocystis pyrifera) forests are among the most productive ecosystems in the 56 world (Mann, 2000) . Kelp forests occur along many temperate coasts and scattered islands in the 57 Southern Ocean (Wormersley, 1954; Dayton, 1985) , providing habitat, food and refuge for 58 numerous marine organisms (e.g. Foster and Schiel 1985) . M. pyrifera therefore plays a vital role 59 in coastal environments and is an important ecosystem engineer (sensu Dayton, 1985 
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Heterotrophic prokaryotes are critical components of the carbon cycle and food webs in 68 marine ecosystems (e.g. Azam et al., 1983; Williams, 1998; Simo et al., 2002) . In particular, the 69 balance between their biomass production and respiration represents a major carbon-flow 70 pathway in these systems (e.g. Azam and Malfatti, 2007) . The availability of organic matter (e.g. 71 del Giorgio and Scarborough, 1995; del Giorgio et al., 1997) and inorganic nutrients (Rivkin and 72 Anderson, 1997) is known to control prokaryote metabolic activity tightly. Consequently, the 73 retention of enriched water masses within M. pyrifera forests could profoundly affect carbon 74 utilization by prokaryotes and the food web structure of giant kelp forests as well as carbon flux 75 within forests and exchange between them and nearshore waters. Moreover, a substantial amount 76 of suspended debris/particles may accumulate within kelp forests (e.g. Gaylord et al., 2007) . 77 Particles are known to be highly active sites of microbial processes (e.g. Grossart and Ploug, 78 5 2000; Simon et al., 2002) and elevated enzymatic activity on particles has been shown to release 79 organic and inorganic nutrients into the surrounding water, creating hot spots that greatly extend 80 the volume of intense decomposition processes Grossart and Ploug, 81 2001). Therefore, a significant part of overall microbial activity within M. pyrifera forests may 82 take place on or in the vicinity of particles. 83 The Prince Edward Islands comprise Marion and Prince Edward Islands, situated in the Indian 84 sector of the Southern Ocean. The archipelago lies directly in the path of the easterly-flowing 85 Antarctic Circumpolar Current (ACC), giving it a west-east or upstream-downstream axis 86 (Ansorge et al. 1999 , Froneman et al. 1999 ). Like many oceanic islands, the archipelago is 87 seasonally home to up to 5 million breeding pairs of top predators including flying seabirds, 88 penguins and mammals (e.g. Chown and Froneman, 2008) . A substantial part of the coastline of 89 the archipelago is occupied by dense Macrocystis pyrifera forests, principally in the more 90 sheltered waters of the eastern coast of the larger Marion Island (Attwood et al., 1991) . Although 91 the potential for retention of water masses in M. pyrifera forests in the near-shore zone around 92 Marion Island has previously been observed (Pakhomov et al., 2002) , the consequences for food 93 web structure and carbon flux are still unknown.
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Our main hypothesis was that retention of particles and nutrients within kelp forests may 95 enhance microbial processes and the recycling of carbon and organic matter within the canopy 96 and therefore play a mayor role in carbon cycling and downward flux in nearshore waters. The 97 objectives of this study were to (i) characterize the effect of kelp forests on near-shore water 98 masses, (ii) investigate the variability in free-living (FL) and particle-associated (PA) prokaryote 99 abundances and metabolism across different M. pyrifera forests, (iii) characterize the role of 100 particles and retention of water masses by kelp forests on the patterns observed in the prokaryotic 101 6 communities, and (iv) explore the potential consequences of these changes for carbon retention 102 and downward flux in the shallow shelf waters of these sub-Antarctic islands. (Fig. 1) . Macaroni Bay is a relatively large sheltered bay, receiving substantial freshwater 120 input (Fig. 1) . Sampling was undertaken at two representative sites in Macaroni Bay: (i) a 121 sheltered site inside the bay (M1) and (ii) a more exposed site located in front of the western cape 122 of the bay (M2) (Fig. 1) Coulter FC500 flow cytometer, following standard protocols (Brussaard, 2004 incorporation rates into proteins as described by Kirchman et al. (1985) . rates. Prokaryotic carbon biomass production was estimated using the conversion factor of 3.1 kg
205
C mol -1 Leu (Kirchman, 1993) .
206
Two sets of samples were incubated at each station: the first set was treated as described to 207 estimate total heterotrophic production and the second set (3 replicates and 2 formalin-killed 
Respiratory activity of the electron transport system (R-ETS)
215
The respiratory activity of the electron transport system (ETS) was investigated in both the 216 >0.8 µm (i.e. particle-associated) and the <0.8 µm (i.e. free-living) size fractions. (Table 3 ). At M1, particle-associated R-
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ETS varied from 1.1 to 81.9 µmol C m -3 d -1 along the transect, increasing from the shore to 303 outside the kelp (Table 3) . At M2, the highest particle-associated R-ETS were observed within 304 the kelp forest, at 43.8 µmol C m -3 d -1 (Table 3) (Fig. 2) . Surface water of reduced salinity and temperature extended into the kelp forest at 334 M2, suggesting a significant impact of freshwater run-off from the island during sampling (Fig.   335 2). This is consistent with the high ammonium, phosphate and SPM concentrations observed 336 along the transect ( influence of freshwater run-off (Fig. 1) . Moreover, despite the high density of top predators on 342 the shore at Archway Bay, inorganic nutrient and SPM concentrations were lower than in 343 Macaroni Bay ( Fig. 1 ; Table 1 ). These results confirm the importance of freshwater run-off to 344 inorganic nutrient and SPM inputs in the near shore waters. While phytoplankton biomass did not change consistently through the kelp forests, the 364 contribution of phaeopigments to total phytoplankton biomass decreased significantly from 365 inshore to offshore stations at all three locations (Fig. 3) , indicating the retention of detritus by 366 the kelp forests (Pakhomov et al., 2002) . This is also seen in the offshore decrease in particular 367 and dissolved organic matter (see Table 1 ). were significantly less abundant at M1 than at M2 and Archway Bay (Table 2) . While the supply 388 of dissolved organic matter (DOM) did not exhibit any significant differences among the three 389 sampling sites, C:N ratios at M1 were lower than along transects at M2 and Archway Bay (Table   390 2). The lower C:N ratios were accompanied by significantly lower free-living production rates 391 (Table 3) One of the main features of the spatial dynamics of prokaryotic metabolism was the high 405 variability in FL and PA prokaryote growth efficiencies (PGE) among sampling sites (Fig. 4) .
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The PGE values reported in each of the three sampling zones (i.e. inshore, kelp and offshore) Inshore of M. pyrifera forests, the highest PGE were observed within the particle-associated 426 community (Fig. 4) . Since PGE typically increase as conditions become optimal (e.g. In contrast, free-living PGE were higher than or similar to particle-associated PGE in the kelp, 437 suggesting that environmental conditions were less favourable for particle-associated or more 438 favourable for free-living prokaryotes inside the kelp forest (Fig. 4) . As aggregates and particles phytoplankton biomass was high (Fig. 3) . Changes in organic matter lability and/or the 453 colonization of new particles produced offshore of M. pyrifera forest could favour particle-454 associated over free-living prokaryotes, leading to higher PGE within the particle-associated 455 community offshore (Fig. 4) . 
